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Using the transpiration method, the volatility of uranium oxide in the presence of oxygen 

and water vapor has been measured at temperatures ranging fiom 1173 to 1573 K and the volatility 

of uranium oxide in the presence of oxygen and chlorine has been measured at 1175 K. The major 

vapor species in the presence of oxygen and water vapor are found to be U03(g) and U02(0H)2(g). 

Third law treatment of the vaporization data yields AHf(298) values of -790.52 f 7.32 and - 

1199.94 f 10.25 kJ/mol, respectively. The major vapor species in the presence of oxygen and 

chlorine is found to be U02Clz(g). Third law treatment of the vaporization data yields a AHt"(298) 

value of -1002.04 f 3.26 W/mol. From an assessment of all the thermodynamic data available for 

uo3(g), U02(0H)2(g), UOzCh(g), and UO2F2(g), the best AHp(298) values for each of these 

species are calculated to be -796.74 f 3.52, -1199.94 f 10.25, -999.64 f 2.40, and -1369.22 f 

2.87 kJ/mol, respectively. From these, the AHf (298) values for U02ClOH(g), U02FOH(g), and 

U02FCl(g) are estimated to be -1099.79, -1284.58, and -1 184.43 kJ/mol, respectively. The 

thermodynamic data for all the vapor species are then applied to conditions one might expect in a 

thermal oxidation processor for mixed waste to estimate the amount of uranium volatility. 

*Work performed under the auspices of the U. S. Department of Energy by the Lawrence Livermore 

National Laboratory under contract number W-7405-ENG-48. 
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1. Introduction 

As part of a study on actinide volatility in incineration and other thermal processes for 

treatment of mixed waste, the volatility of uranium oxide in the presence of oxygen and water vapor 

and in the presence of oxygen and chlorine have been measured. Volatilty and particle entrainment 

are the two main sources of possible metal emissions from incinerators and other thermal oxidation 

processors. A material which volatilizes in a thermal oxidizer will recondense in the offgas 

preferentially on fine fly ash particulates and as aerosols. These are generally more difficult to 

capture with air pollution control devices than the larger fly ash particulates. Therefore, the 

volatility of radioactive materials in thermal processes is very important in assessing the likelihood 

of radioactive emissions to the atmosphere. 

The primary vapor species for uranium are expected to be uo3(g), U02(0H)2(g), 

UO2C12(g), U02F2(g), U02ClOH(g), U02FOH(g), and U02FCl(g). The vaporization of uo3(g) 

fiom u308(S) in the presence of 02(g) has already been studied by Ackermann, et al. [l] and by 

Dharwadkar, et al. [2] using the transpiration method. Additional data are available for u03(g) 

from Knudsen effhsion measurements involving gaseous equilibria with uo3(g) [4,5]. The 

vaporization of UO2(OH)2(g) fiom u308(S) in the presence of 04g) and H20(g) has been studied 

by Dharwadkar, et al. [2]. The vaporization of UO2C12(g) from u308(S) in the presence of Cl2(g) 

has been studied by Cordfunke and Prins [3], and the vaporization of UO2F2(g) fiom U02F2(s) has 

been studied by Lau, et al. [ 131, Smirnov and Gorokhov [ 141, and Knacke, et al. [ 151. Although the 

thermodynamics of u03(g) and U02F2(g) are well known, considerable uncertainty still exists for 

U02(OH)z(g) and UO2C12(g). In the experiments by Dhanvadkar, et al., the water vapor pressures 

used were very low. The resulting vapor pressures of U02(0€I)2(g) are small compared to the 

uo3(g) vapor pressure. Thus, the vapor pressure of UO2(OH)2(g) obtained by subtracting the 

calculated u03(g) pressure has uncertainties greater than the values being measured. In the 

experiments by C o r d M e  and Prins [3], the oxygen and chlorine pressures were not varied. Thus, 

the formula for the vaporizing species is still uncertain. No data are available for the mixed vapor 

species, U02ClOH(g), U02FOH(g), and U02FCl(g). In this work, the formation of UO2(OH)2(g) 



and UO2C12(g) fiom U30s(s) in the presence of oxygen and water vapor and oxygen and chlorine, 

respectively, have been measured. Data for all the uranium vapor species which might be important 

in thermal oxidation processors for mixed wastes are then assessed. 

2. Experimental 

2. I n e  Transpiration Method 

In the transpiration method [6] ,  a known amount of carrier gas is slowly passed over a 

sample such that the volatilized material is entrained in the gas flow and is swept out of the 

chamber and deposited on a collection tube. The amount of material collected can be determined 

by the weight gain or fkom quantitative chemical analysis. 

The carrier gas may be composed of various reactive gases which will react with the solid 

material and increase its volatility. In these experiments, the reactive gases are 02(g), H20(g), and 

Ch(g), and the volatilization reactions associated with these species and their equilibrium constants 

are as follows: 

1/3 U308-x(s) + (1+~)/6 02(g) = UO3(g) 

K I =  p(7~0~)/p(02>"+~~~a(7~30~)~'~,  

1/3 U308-x(s) -I- (1+~)/6 02(g) -I- H20(g) = UO2(OH)2(g) 

(1) 

(2) 

K2 = p(U02(OH)~)/p(O~)(1+xy6p(H20)a(U30~)*'3, 

and 

1/3 u308-x(s) + C12(g) =uo2c12(g) + 1/3 02(g) (3) 

K3 = p(UO2Cl~)p( 02>O"y6Ip(C12)a(U30~) 1'3. 

By varying the partial pressures of 02(g), HzO(g), and Ch(g) at a particular temperature, the 

formula for the vaporizing species can be established. 

The non-stoichiometry of uranium oxide at higher temperatures complicates the 

vaporization equilibria. At relatively modest temperatures, however, the value of x can be taken to 

be zero and a(U3Os) can be taken to be Unity without significant error in the AHp(298) values for 

uo3(g), U02(0H)2(g) and U02Ch(g) calculated fkom the vaporization data. There have been a 



number of studies which have looked at oxygen partial pressure as a function of stoichiometry and 

temperature for the U308-x(S) phase [18-211. The error in the calculated AHp(298) values by 

assuming x is zero and a(U308) is unity can be estimated fi-om the fiee energy of the reaction 

113 u308(s) = 1/3 U308-x(s) 4- x/6 02(g) (4) 

at the higher temperatures of measurement. Taking the data of Ackermann and Chang [ 191 at 1445 

K and x equal to 0.090 which corresponds to the equilibrium composition of uranium oxide in the 

presence of 1 atm of oxygen, the fiee energy for the above reaction is given as -0.94 kJ/mol. In 

analyzing the data herein, most of the data is taken well below 1445 K. Thus, the uncertainty 

associated with the assumption of x equal to zero and a(U308) equal to unity turns out to be 

considerably less than the uncertainty associated with scatter in the data. For higher temperature 

data, the treatment herein could result in larger errors. 

2.2 The Transpiration Apparatuses 

Two slightly different transpiration apparatuses were used, one for the oxygen and water 

vapor experiments and one for the oxygen and chlorine experiments. The unit used for the oxygen 

and water vapor experiments is illustrated schematically in Figure 1. The apparatus for the oxygen 

and chlorine experiments is nearly the same except that there is no water bath and a scrubber is used 

downstream instead of Drierite. In each apparatus, Precision Flow Devices (PFD-401) mass flow 

controllers were used to control the 02(g), Ar(g), and Clz(g) inputs and to monitor the gas output. 

In the apparatus for the oxygen and water vapor experiments, the input gases are passed through a 

water saturator upstream of the furnace and through a Drierite Cartiridge (CaS04) downstream of 

the furnace. The water saturator is a 6-mm-thick aluminum vessel with a 800 cm3 capacity. The 

partial pressure of water vapor was regulated by controlling the temperature of the water saturator. 

The water vapor was collected down stream of the h a c e  in the Drierite Cartridge which was 

weighed both before and after each experiment to determine the total amount of water vapor 

transported. In the apparatus for the oxygen and chlorine experiments, the chlorine was collected 

and immobilized down stream of the h a c e  in a solution of Na2S204 to which a few drops of KI 



were added. For both units, the furnace tubes were of alumina and measured 4.5 cm OD by 60 cm 

long. The input and thermocouple protection tubes were of also alumina, 8 mm OD by about 30 

cm long. The outlet or collection tubes were alumina, 8 mm OD by about 30 cm long, or silica 

glass 6 mm OD by about 30 cm long. The furnaces used were marshal1 furnaces with Pt/Rh 

windings and had a uniform temperature hot zone of about 17 cm at around 1000°C. Each end of 

the furnace tube was sealed off using stainless steel compression fittings with Won  O-ring seals. 

The input and thermocouple protection tubes pass through compression fittings in the end cap on 

the up stream side of the furnace, and the collection tube passes through a compression fitting in the 

end cap on the down stream side of the furnace. The sample boat containing u308(S) powder rests 

in the center of the furnace tube. For the oxygen and water vapor experiments, the sample boat was 

either of platinum or silica glass and measured 2.5 cm wide by 6 cm long by 1 cm high or 3 cm 

long by 6 cm wide by 0.85 cm high, respectively. For the oxygen and chlorine experiments, the 

sample boat was of alumina and measured 7.5 cm long by 4.0 cm wide by 0.6 cm high. In both 

units, just outside of the hot zone both upstream and down stream of the sample boat was placed 6 

cm of Kao wool insulation which was held in place on both sides by alumina disks. The 

temperatures in the hot zone were measured by a type-S thermocouple which was periodically 

checked against a second thermocouple and showed no difference in readings within f 2 K. In both 

units, all tubing outside of the furnace chamber was stainless steel. For the oxygen and water vapor 

experiments, the lines leading from the water saturator to the furnace and from the furnace to the 

Drierite canister were wrapped in heating tape kept at about 160°C to prevent the water vapor from 

condensing. 

2.3 Materials and Characterization 

Uranium oxide, u308(s), powder formed from depleted U was obtained from the National 

Institute of Science and Technology (NIST) as a standard reference material and had a stated purity 

of 99.94%. Oxygen was obtained from Liquid Air. High purity chlorine was obtained from 

Matheson and argon was obtained from Airco. The water which was used in the water saturators 



I 
was distilled and deionized prior to use. 

I 

\ The uranium oxide obtained from NIST was analyzed by X-ray diffraction before use. The 

, sample was found to be primarily U308(s) with a small amount of a phase tentatively identified as 

UO3.2H2O(s). X-ray analyses after both the oxygen and water vapor experiments and after the 

oxygen and chlorine experiments showed that the samples were entirely U308(s). 

2.4 Sample Collection Analyses 

The uranium on the silica and alumina collection tubes was dissolved using 8M "03 to 

which a few drops of concentrated €€F were added. The tubes were left at least 24 hours in the acid 

solution to allow for complete dissolution. Repeat tests on the collection tubes showed that less 

than 2% of the uranium remained in the collection tubes after the first dissolution. The quantity of 

uanium dissolved was determined by taking'a known aliquot of the acid solution and analyzing it 

by inductively coupled plasma mass spectrometry. This analysis technique was expected to produce 

analyses accurate within f 5%. 

3. Results and Discussion 

3.1 Experimental data 

Experimental transpiration data for the oxygen and water vapor and the oxygen and chlorine 

experiments are given in Tables 1 and 5, respectively. Most of the oxygen and water vapor 

experiments were designed such that U02(0H)2(g) was present in significant amounts. Data for 

uo3(g) were obtained such that it could be accounted for in the total volatility of U308(s) in the 

presence of oxygen and water vapor. Data for UO2C12(g) were all taken at 1175 K at varying 

oxygen and chlorine vapor pressures so that the formula for the vaporizing species could be 

verified. 

In transpiration measurements, it is important to use an appropriate gas flow which is fast 

enough such that transport by gaseous difhsion is proportionately small but slow enough such that 

the residence time of the carrier gas is long enough such that equilibrium conditions can be 



approximated. In Figure 2, the apparent total vapor pressure of uranium species is plotted as a 

function of the log of the total gas flow rate in cm3/min at stp. A plateau region seems to exist fiom 

about 20 cm3/min to at least 500 cm3/min. Thus, total gas flow rates within this region are 

expected to yield accurate volatility measurements. 

3.2 U304s) volatility induced by 02(& 

In the presence of oxygen only, u03(g) is the only vapor species formed in any significant 

quantity. The data for u03(g) are treated by the third law method. Free energy functions for 

U308(s) were taken fiorn Cordfunke and Konings [ 111. Free energy functions for 02(g) were taken 

fiom Gurvich, et al. [lo], and the fiee energy functions for uo3(g) were taken fi-om Ebbinghaus [7]. 

Two additional data points for u03(g) have been added based on extrapolated u03(g) vapor 

pressures at 1223 and 1323 K fkom the experiments with water vapor present. The calculations of 

these data points are discussed in the following section. The calculated AHro(298) values are 

summarized in Table 2 which when averaged yield a AHr0(298) value of 401.08 f 7.27 kJ/mol. 

The data fiom run numbers 59 and 86 are rejected. Run 59 was a low temperature run at 1173 K 

where dust carry over or contamination was believed to be a significant fi-action of the total amount 

of uranium collected. Run 86 was rejected because it is one of two runs, 85 and 86, which were 

analyzed at the same time and yielded suspiciously low uranium values. From the AHro(298) value 

and the AHp(298) value for u308(S) given by Cordfimke and Konings [ 111, a AHp(298) value for 

uo3(g) was calculated to be -790.52 f 7.32 kJ/mol. 

3.3 u308(S)  volatility induced by 02(gS and H20(& 

In the presence of oxygen and water vapor, both u03(g) and U02(0H)2(g) are present in 

appreciable quantities. This is apparent by the dependence of the total uranium vapor pressure on 

the oxygen and water vapor pressures at constant temperature. If both species are present in 

significant quantities, then the total uranium vapor pressure is given by 



p(U total) = Klp(0~)"~  + K~p(02)~'~p(HzO). 

p(U t0tal)/p(02)"~ = K1 + K2pw20). 

( 5 )  

Dividing out the oxygen contribution yields 

(6) 

Thus, at any temperature p(U t0tal)/p(02)"~ should vary linearly with ~(€320) .  In Figures 3 and 4, 

p(U total)/p(O2)'" is plotted as a function of ~ (€320)  at 1223 and 1323 K, respectively. At 1223 K, 

the data fall very close to a straight line with the exception of two data points, runs 85 and 86 which 

have been rejected. At 1323 K, there is considerable scatter in the data, but the data still seem to 

fall approximately on a line. Thus, the oxyhydroxide formula of U02(0H)2(g) at 1223 K and 1323 

K is established with reasonable certainty. After rejecting the data from runs 85 and 86, the data at 

1223 and 1323 K where water vapor were present were fit to a straight line and extrapolated to zero 

water vapor pressure. At 1223 K, p(v03)/p(02)'/6 was calculated to be 4.451x10-' atm5j6, and at 

1323 K, p(U0,)/p(02)'/6 was calculated to be 5.102~10-~ atm5l6. These values have been included 

in the third law calculation for uo3(g). 

Taking the AHf(298) value and the free energy functions for 02(g), u308(S), uo3(g) given 

above, p(Uo3) was calculated and subtracted fiom p(U total) to yield p(U02(0H)2) for each data 

point in which water vapor was present. These calculations are summarized in Table 4. The data 

for U02(0H)2(g) were then treated by the third law method. For some runs p(vo3) was calculated 

to be greater than p(U total). These data had to be rejected. The free energy functions and 

enthalpies of formation for U308(s) and 02(g) are the same as those used above, and the free energy 

functions and enthalpy of formation for H2O(g) were taken &om Gurvich, et al. [lo]. The 

calculated AHro(298) values are summarized in Table 4 which when averaged yield a 0Hro(298) 

value of 233.49 f 7.12. In this analysis, data from runs 16 and 94 have been rejected. In run 16, 

p(Uo3) is almost the same as p(U total) which results in a p(U02(0H)2) which is too small and very 

uncertain. In run 94, the temperature is so low that all of the uranium carried over is believed to be 

dust or contamination which yields an artificially high value for p(U02(0H)2). From the AHr"(298) 

value, the AHp(298) value for u308(S), and the AHP(298) value for H20(g), the AHP(298) value 

for U02(OH)z(g) was calculated to be -1199.94 f 10.25 kJ/mol. The uncertainty has been 



calculated by including the standard deviation in the AHr'(298) to form U03(g) as well as the 

standard deviation in the AHr"(298) to form U02(0H)2(g). 

3.4 u308(S)  volatility induced by 0 2 ( a )  and C12(a) 

In the presence of oxygen and chlorine, both uo3(g) and UOzCh(g) are possible vapor 

species. Therefore, the total uranium pressure is given by 

p0J total) = K1p(02)'/~ + K3p(C12)/p(02)*/3 (7) 

The contribution of uo3(g) turns out to be small. Therefore, it can be neglected. Multiplying by 

~ ( 0 2 ) " ~  yields 

(8) 
1/3 - p(U total)p(Oz) - Gp(C12) 

In Figure 5, p(U t0tal)p(02)~'~ has been plotted as a function of p(Cl2). The data seem to fall along a 

line which confirms that UO2C12(g) is the major vapor species. The data where no oxygen was 

present seem to be low. However, the oxygen in these experiments was assumed to be a third of 

the total uranium pressure which is the amount expected fi-om eqn (3). It is believed that residual 

oxygen was present in the furnace tube and Kao wool baffling during the experiment, thus resulting 

in a higher oxygen pressure than assumed and accounting for the discrepancy in the data. Because 

of the uncertainty of the oxygen pressures in runs 1 and 8, they have been rejected in the following 

analysis. 

Treating the data fi-om runs 2 through 7 by the third law method, the AHrO(298) value was 

calculated to be 189.56 f 3.15 kJ/mol and the AHP(298) value was calculated to be -1002.04 f 3.26 

kJ/mol. The fi-ee energy functions and enthalpies of formation for u308(S), and 02(g) are the same 

as given above, and the fi-ee energy function for Ch(g) was taken fiom Gurvich, et al. [ 101. 

4. Assessed Standard Enthalpies of Formation 

4.1 Standard formation enthalpy of u03(@ 

In addition to this work, Ackermann, et al. [l] and Dharwadkar, et al. [2] have also 

determined the vaporization equilibria in which u03(g) is formed from u308(S) and 02(g) 



according to reaction (1). In the work of Ackermann, et al., the volatlity of U308(s) in the presence 

of 02(g) was measured in the temperature range of 1250 to 1800 K and partial pressures of oxygen 

either 0.20 or 1.0 atm. In the work of Dharwadkar, et al., the volatility of U308(s) in the presence 

of 02(g) was measured in the temperature range of 1525 to 1675 K and a partial pressure of oxygen 

at 1.0 atm. Treating both sets of data by the third law method using the fiee energy functions and 

enthalpies of formation given above yields AHr0(298) values of 393.88 f 1.65 and 392.74 f 0.92 

kJ/mol and AHP(298) values of -797.72 f 1.85 and -798.86 f 1.24 kJ/mol for the data of 

Ackermann, et al. and Dhanvadkar, et al., respectively. 

In Figure 6, the log of p(uo3)/p(02)”6 versus 104/T is shown for the data points given 

herein. The solid line is that obtained by a third law treatment of the data. The dashed line is that 

obtained by averaging the third law treatments of the data of Ackermann, et al. and Dhanvadkar, et 

al. The data are in good agreement. However, the data of Ackermann, et al. and Dharwadkar, et al. 

show considerably less scatter as indicated by the uncertainty in the AHP(298) values. Therefore, in 

assessing a best value for the AHP(298) value of U03(g), the AHP(298) values for u03(g) obtained 

from the data of Ackermann, et al. and Dharwadkar, et al. were weighted double and averaged with 

the value obtained from the data herein to yield a best AHP(298) value of -796.74 f 3.52 kJ/mol. 

4.2 Standard formation enthaZpy of U02(0H)2@ 

Dharwadkar, et al. [2] have also determined the equilibria in which UO2(0H)z(g) is formed 

from U308(s), 02(g), and H20(g) according to reaction (2). In the work of Dharwadkar, et al., the 

volatility of U308(s) in the presence of O2(g) and H20(g) was measured in the temperature range of 

1320 to 1625 K and partial pressures of oxygen and water vapor ranging from 0.80 to 0.97 atm and 

0.20 to 0.03 atm, respectively. Treating the data by the third law method using the free energy 

functions and enthalpies of formation given above yields a AHr0(298) value of 154.13 f 6.19 

kJ/mol and a AHp(298) value of -1279.30 f 6.25 kJ/mol. 

In Figure 7, the log of p(u02(OH)2)/p(02)”6p(H~0) versus 104/T is shown for the data 

points given herein. The solid line is that obtained by a third law treatment of the data. The dashed 



line is that obtained by a third law treatment of the data of Dharwadkar, et al., which disagrees 

considerably from the data herein. It is difficult to understand why such a large discrepancy exists. 

Dharwadkar, et al. used very low vapor pressures of water, never greater than 0.20 atm. In many 

cases, the pressures of U02(OH)2(g) were therefore small in comparison to the pressures of U03(g). 

Therefore, p(U02(OH)2) was uncertain. In their analyses, Dharwadkar, et al. also used a 

colorimetric technique [12] to determine the uranium content in their collection tubes. In this 

method, there are a number of interfering ions whch may have present and altered their analyses. 

Although the descrepancy remains unexplained, the values given herein are taken to be closer to the 

true values. Therefore, the best assessed AHf(298) value for UO2(OH)2(g) is -1199.94 f 10.25 

kJ/mol. 

4.3 Standard formation enthalpy of U02C12(& 

Cordfunke and Prins [3] have also determined the vaporization equilibria in which 

UO2C12(g) is formed fi-om u308(S) and Cl2(g) by reaction (3). In the work of Cordfhke and Prins, 

the volatility Of U3O8(s) in the presence of Clz(g) was measured in the temperature range of 1135 to 

1330 K and a chlorine pressure near 1.0 atm. Treating the data by the third law method using the 

fiee energy functions and enthalpies of formation given above yields a AHr0(298) value of 194.37 f 

1.24 kJ/mol and a AHf(298) value of -997.23 f 1.49 kJ/mol. 

In Figure 8, the log of p(UO~Clz)p(O2)”~/p(C12) versus 104/T is shown for the data points 

given herein. The solid line is that obtained fi-om a third law fit of the data. The dashed line is that 

obtained from a third law treatment of the data of C o r d w e  and Prins. The best AHp(298) value 

was obtained by averaging the value obtained herein with that obtained fiom the data of Cordfunke 

and Prins to yield -999.64 f 2.40 kJ/mol. 

4.4 Standard enthalpy of U02F2(g;) 

The sublimation reaction of 

UO~F~(S) = UO2Fz(g) (9) 



has been studied by Lau, et al. [13], Smirnov and Gorokhov [14], and Knacke, et al. [15]. These 

data have all been reanalysed here using the data of Ebbinghaus [7] for the fkee energy functions of 

U02F2(g). The fkee energy functions for U02F2(s) have been calculated fkom enthalpy increment 

measurements on U02F2(s) given by Cordfhke, et al. [16] and the SO(298) and AHP(298) values 

of 135.56 f 0.42 J/mol-K and -1635.5 f 1.3 kJ/mol given by Grenthe, et al. [17]. The fkee energy 

function for UO2F2(s) was fit to the equation 

-(Go - H("298))/T = 163.588 - 252.753(T/lOOO) + 689.437 (T/1000)2 

- 584.267(T/1000)3 + 177.360(T/1000)4 (10) 

over the temperature range of 298 to 1200 K. Treating the data of Lau, et al. [13], Smirnov and 

Gorokhov [ 141, and Knacke, et al. [15] by the thn-d law method yields AHr0(298) values of 285.20 

f 0.26,285.89 f 1.06, and 279.18 f 5.25 kJ/mol, respectively. In treating Smirnov and Gorokhov's 

data, the data points taken at temperatures of 1028 and 1036 K were rejected because they deviated 

dramatically fiom the other points which showed a very small deviation. No data points were 

rejected in the other third law treatments. Using the AHP(298) value for U02F2(~), the AHp(298) 

value for U02F~(g) was calculated to be -1368.29 k 1.32, -1367.61 f 1.67, and -1374.32 f 5.40 

kJ/mol for the data of Lau, et al. [13], Smirnov and Gorokhov [14], and Knacke, et al. [15], 

respectively. Since the statistical uncertainty is considerably greater in the data of Knacke, et al., it 

was weighed half when averaged with the other values in order to obtain the recommended 

AHP(298) value of -1369.22 f 2.87 kJ/mol for U02F2(g). 

4.5 Mixed species: U02ClOH(a), UO2FOH(a), and UO2FCl(g;) 

Since no data are available for these species, the AHp(298) values were taken to be an 

average of the AHf (298) values for the constituent species. For example, the AHp(298) value for 

U02ClOH(g) was taken to be an average of the AHP(298) value for UO2C12(g) and UO2(OH)2(g). 

In this manner, the AHp(298) values for U02ClOH(g), U02FOH(g), and U02FCl(g) were estimated 

to be -1099.79, -1284.58, and -1184.43 kJ/mol, respectively. The fkee energy functions for these 

species can be estimated fkom their constituent species according to the method given previously 



All of the assessed AHp(298) values for the uranium vapor species are summarized in Table 

7. 

5. Application to Thermal Oxidation Processes 

The thermodynamic data for the uranium vapor species are now applied to a thermal 

oxidation processor. Typically this would be an incinerator but may include other processors as 

well. As a worst case, uranium can be taken to be present as u308(s) in the thermal oxidation 

processor. In other words, the activity of u308(S) is taken to be unity. If u308(S) reacts with the 

residual ash to form a mixed oxide, then its activity and hence its volatility may be reduced. The 

partial pressures of 04g) and H20(g) will vary a small amount and the partial pressures of HCl(g) 

and HF(g) will vary considerably depending upon the waste feed composition, the amount of excess 

air supplied, and in some cases the medium of oxidation. For these calculations, the partial 

pressures of 02(g) and H20(g) are each taken to be 0.10 atm and the partial pressures of HCl(g) and 

HF(g) are each taken at compositions of 0.001 and 0.10 atm. In Figure 9, the partial 

pressures of the various uranium vapor species as a function of temperature are shown for a 

condition with high, 0.10 atm, and low, 0.001 atm, HCl(g) pressure. In Figure 10, the partial 

pressures of the various uranium vapor species as a function of temperature are shown for a 

condition with high HF(g) pressure, 0.10 atm, and low HF(g), 0.001 atm, pressure. The UO2C12(g) 

and U02F2(g) species dominate at the lower temperatures. In both Figures 9 and 10 the plutonium 

vapor species are shown for comparison. Data for the plutonium species are taken fiom 

Ebbinghaus [7] and Krikorian, et al. [22] Generally, the plutonium vapor species are present at 

much lower concentrations than the uranium vapor species. 

A typical afterburner on an incinerator may operate around 1400 K. At this temperature, the 

total pressure of uranium vapor species assuming uranium present as u308(S), 02(g) and H20(g) 

vapor pressures of 0.10 atm each, and HCl(g) and HF(g) pressures of 0.01 and 0.002 atm, 

respectively, is calculated to be 8.21~10-~ atm. The breakdown of the various species would be 



46.38% uo3(g), 2.05% U02(0H)2(g), 24.79% UO2C12(g), 0.83% U02F2(g), 14.26% U02ClOH(g), 

2.61% U02FOH(g), and 9.08% U02FCl(g). If the output gas flow is 40 lunol/h (about 580 

SCFM), then the rate of uranium volatilization would be 7.82 g/h. Ths is a significant amount of 

uranium which is volatilized. However, most of this material would collect on the walls of the 

processor and in the offgas filtration devices rather than be released to the atmosphere. 

6. Conclusions 

From the volatility of u308(S) in the presence of oxygen and water vapor and in the 

presence of oxygen and chlorine, the thermodynamics of uo3(g), U02(OH)2(g), and UO2C12(g) 

have been determined. These data are assessed along with other available data in the literature to 

provide AHP(298) values for uo3(g), UO2(OH)2(g), UOzCk(g), and U02F2(g), and estimated 

AHP(298) values for U02ClOH(g), U02FOH(g), and U02FCl(g). 

Application to thermal oxidation processors shows that all these species can be important. 

UOzCh(g) and UO&(g) tend to be most important relative to the other uranium vapor species at 

the lower temperatures. U02(0H)2(g) tends to be most important at the intermediate temperatures, 

and u03(g) tends to be most important at the higher temperatures. The mixed species, 

U02ClOH(g), U02FOH(g), and U02FCl(g), are most important when their constituent species are 

present in about equal concentrations. 
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Table 1. Summary of transpiration experiments on uranium oxide in the presence of oxygen and water vapor. 

7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
31 
32 
33 
34 
46 
47 
49 
50 
55 
56 
57 
58 
59 
60 
76 
78 
79 
85 
86 
88 
90 
91 
94 

1323 
1323 
1323 
1323 
1323 
1323 
1473 
1323 
1223 
1323 
1473 
1323 
1323 
1373 
1223 
1373 
1373 
1373 
1373 
1323 
1323 
1573 
1573 
1573 
1573 
1373 
1373 
1473 
1273 
1173 
1373 
1373 
1373 
1173 
1373 
1273 
1323 
1223 
1223 
1223 
1323 
1323 
1223 
826 

180 
180 
180 
180 
180 
180 
180 
180 
1200 
180 
120 
120 
180 
120 
1440 
180 
240 
180 
120 
180 
180 
60 
60 
180 
180 
540 
120 
240 
480 
1950 
480 
>180 
440 
540 
510 
440 
480 
1890 
1810 
1890 
515 
475 
1680 
5785 

0.8739 
0.4267 
0.3564 
0.2008 
0.3929 
0.4457 
0.4778 
0.6937 
2.9713 
0.4339 
0.6102 
0.1864 
0.4417 
1.1854 
3.3966 
0.1575 
0.0748' 
0.5634' 
3.8131 
0.6524 
0.4853 
0.7625 
2.1186 
0.7129 
0.4015 
1.2046 
2.5573 
0.3212 
0.6425 
5.2302 
0.2978 
>.5419 
0.9371 
0.6023 
2.6364 
1.3620 
1.2013 
5.5931 
3.5596 
3.3729 
2.9592 
1.4686 
6.8700 
12.5079 

0.4594 
0.4706 
0.3381 
0.4505 
0.1227 
0.4546 

0.2245 
0.5496 
0.4628 
0.4387 
0.2586 
0.4546 
0.45 17 
0.5769 
0.5098 
0.4291 
0.4276 
0.4212 
0.6154 
0.8273 
0.4212 
0.1516 
0.5632 
1 .ooo 
1 .ooo 
0.4 187 
1 .ooo 
1 .ooo 
0.4159 
0.4315 
>0.2964 
0.4190 
1 .ooo 
0.4315 
0.3026 
0.8022 
0.3166 
0.7940 
1 .ooo 
0.1398 
0.3030 
0.1637 
0.4 127 

0.5406 
0.5294 
0.6619 

0.8773 

0.5797 
0.2245 

0.5372 
0.5613 
0.7414 

0.5483 
0.423 1 
0.4902 
0.5709 
0.5724 
0.5788 
0.3846 
0.1727 
0.5788 
0.8484 
0.4368 

0.5813 

0.5841 
0.5685 
<0.7036 
0.5810 

0.5685 
0.6974 
0.1978 
0.6834 
0.2060 

0.8602 
0.6970 
0.8363 
0.5873 

9.278~10-~ 
9.481~10-~ 

6.815~10-~ 
1.326~10-~ 
2.882~10-~ 
6.190~10'~ 
6.556~10-~ 
2.177~1 0-' 
4.667~1 0-8 
1.727~10-~ 
1.546~10~~ 
2.825~10-~ 
2.5 66x 1 0-' 
2.297xlO-' 
2.774~ 1 0-7 
1.2 13x1 0-7 
2.194~1 0-7 
2.016x10-' 
5.815~10~ 
4.501~10'~ 
1.091~10" 
6.246~ 1 0-6 
1.226~10-~ 
2.595~10" 
4.858~10-~ 
2.673~1 O-' 
2.354~10' 
1.975~10-~ 
1.9 1 2x 1 0-' 
4.274~10~~ 
<1.775~10-~ 
3.022~1 0-7 
9.137~10" 
2.358~10-~ 
1.761~10'~ 
3.242~10'~ 
7.93 9x 1 0-' 
8.025~10-'~ 
4.110~10~'~ 
5.655~10-~ 
6.848~1 Oe8 
8.45 1x1 0" 
2.687xlO-" 

1.1 22x1 o - ~  

*moles of water vapor calculated from water saturator temperature 



Table 2. Third law treatment for the reaction 1/3 U308(s) + 1/6 Oz(g) = U03(g). 

r u n T  Kes -AGO -(AGo-nHo(298))/T AH0(298) 
# CK) (k.J/mol) (J/mol-K) (kJ/mol) 

10 
12 
15 
19 
34 
46 
49 
50 
59 

86 

* 
* 

1323 
1323 
1223 
1323 
1573 
1373 
1473 
1273 
1173 
rejected 
1223 
rejected 
1323 
1223 

7.784~ 1 0-' 
3.286~ 1 0-' 
2.406~ 1 0-' 
3.22 1 x 1 0-' 
2.5 95x 1 0-5 
4.8 5 8x 1 0-' 
2.3 54x 1 0-6 
1.975x10-' 
9.137~ 10" 

5.102~ 1 0-' 
4.45 lx  1 0-' 

AHp(298) 
(kJ/mol) 

-3574.80 f 2.50 
-790.52 f 7.32 

-1 80.08 
-189.57 
-201.83 
-189.79 
-138.12 
-192.27 
-1 58.74 
-1 87.80 
-180.57 

-2 19.80 

-186.71 
-195.58 

163.443 
163.443 
164.95 1 
163.443 
159.961 
162.716 
161.310 
164.187 
165.734 

164.951 

163.443 
164.951 

396.35 
405.80 
403.60 
406.06 
389.77 
415.71 
396.38 
396.84 
375.01 

421.57 

402.98 
3u.35 
401.08 f 7.27 



Table 3. Calculation of p(U02(0H)2) by subtracting p(Uo3) from p(U total). 

7 1323 
8 1323 
9 1323 
11 1323 
14 1323 
16 1323 
17 1473 
18 1323 
20 1373 
21 1223 

. 22 1373 
24 1373 
25 1373 
26 1323 
27 1323 
31 1573 
32 1573 
33 1573 
47 1373 
55 1173 
58 1373 
60 1373 
76 1273 
78 1323 
79 1223 
85 1223 
88 1323 
90 1323 
91 1223 
94 826 

9.2779~10-~ 
9.4811~10-~ 

1.3259~10-~ 
6.5 564x 1 0-' 
4.6667~10'~ 
1.7273~10-~ 
1.5461~10-~ 
2.5659~ 1 0-7 
7.2973~10-' 
2.7740~1 0'7 
2.1945~ 1 0-7 
2 .O 1 62x 1 0'7 
5.8 147x 1 0-' 
4.5 0 1 3x 1 0-8 
1.0909~10-~ 
6.426 1 x 1 0-6 
1.2257~ 1 0-5 
2.6728~10-~ 
1.9117~10~' 
3.02 16x1 0-7 
2.3 5 84x 1 0-7 
1.76 12x 1 0-' 
3.241 8x 1 0-8 
7.93 92x 10" 
8.0253~10-'~ 
5.6546x10-' 
6.8480~ 1 Oq8 
8.4509~1 0-' 
2.6869~ 1 0-' 

1.1222~ 1 o - ~  

4.4300~10-~ 
4.4478~10-~ 
4.2093~ 1 0-8 
3.555 1 x 1 Om8 
3.93 1 7x 1 0-8 
4.4355~1 0-8 
1.3937~ 1 0-6 
4.0254~ 1 0-' 
1.5270~ 1 0-7 
2.7986~ 1 0-' 
1.55 8 lx  1 O-' 
1.5 13 1 x 1 0-7 
1.5093~1 0-7 
4.65 12x 1 0-8 
4.8863~10~~ 
9.43 8 Ox 1 0-6 
7.960 1 x 1 0-6 
9.9063~1 0-6 
1.5078~10-~ 
5.420 lx lo-'' 
1.5080~10-~ 
1.5 154x1 0'7 
1.0793~1 0-' 
43613x1 0-' 
2.5323~10-' 
2.95 16x 1 0-' 
3.63 32x 1 0-8 
4.133 lx  1 0-8 
2.2686~10-' 
3.45 1 5 ~ 1 0 - l ~  

4.8479~10-' 
5.03 3 3x 1 0-8 
7.0 127x 1 O'8 
9.7039~10'~ 
2.6247~10-~ 
2.3 124x 10" 
3.3364~1 0-7 
1.1436~1 0-7 
1.0389~10-~ 
4.4987~ 1 0-' 
1.2 1 59x 1 0-7 
6.8 1 3 6x 1 0-8 
5.0686~ 1 O'8 
1.163 5x 1 0-8 

1.47 1 Ox 1 O'6 

2.3 507x 1 0-6 
1.1650~ 1 0-7 
1.3 697x 1 0-' 
1.5 136x1 0-7 
8.4297~ 10" 
6.8 1 93x 1 0-' 

54069x1 0-' 

2.02 14x 1 0-8 
2.7 149x1 0-' 
6.1 823x 1 0-' 
2.6869~10-'' 

- - - - - - - 

------- 

- - - - - - - 

---___- 



Table 4. Third law treatment for the reaction 1/3 u308(S) + 116 O2(g) + HzO(g) = U02(0H)2(g). 

r u n T  Gs -AGO -(nGo-nHo(298))/T nHo(298) 
# 00 (kJ/rnol) (J/mol-K) (kJ/mol) 

7 
8 
9 
11 
14 
16 

17 
18 
20 
21 
22 
24 
25 
26 
31 
33 
47 
55 
58 
60 
76 
79 
88 
90 
91 
94 

1323 
1323 
1323 
1323 
1323 
1323 
rejected 
1473 
1323 
1373 
1223 
1373 
1373 
1373 
1323 
1573 
1573 
1373 
1173 
1373 
1373 
1273 
1223 
1323 
1323 
1223 
826 

- 16.097 
- 16.043 
-15.880 
-15.668 
-15.713 
-19.135 

-14.198 
-15.459 
-15.347 
-18.268 
-15.097 
-15.802 
-16.107 
-17.233 
-12.739 
-12.037 
-1 5.278 
-19.725 
-15.016 
-15.584 
-18.244 
-18.463 
-17.238 
- 1 6.862 
-18.421 
-23.660 

AHf (298) 
(kJ/mol) 

-177.10 
-176.50 
-174.70 
-172.37 
-172.87 
-2 10.52 

-173.92 
-170.08 
-1 75.22 
-185.79 
- 172.37 
-1 80.42 
-183.90 
-189.59 
-166.63 
-157.45 
- 174.43 
-192.41 
-171.44 
-177.93 
-193.13 
-187.78 
-189.65 
-185.51 
-187.35 
-162.49 

41.019 
41.019 
41.019 
41.019 
41.019 
41.019 

39.601 
41.019 
40.535 
42.029 
40.535 
40.535 
40.535 
41.019 
38.707 
38.707 
40.535 
42.557 
40.535 
40.535 
41.516 
42.029 
41.019 
41.019 
42.029 
46.533 

231.38 
230.78 
228.98 
226.65 
227.15 
264.80 

232.26 
224.36 
230.88 
237.20 
228.03 
236.08 
239.56 
243.87 
227.52 
218.34 
230.10 
242.34 
227.10 
233.59 
245.99 
239.19 
243.93 
239.79 
238.76 

233.49 f 7.12 
93 r e i d  

U308(s) -3574.80 f 2.50 
H a g )  -241.83 f 0.04 
UO2(OH)2(g) -1 199.94 f 10.25 



. 

Table 5. Summary of transpiration experiments on uranium oxide in the presence of oxygen and 
chlorine. 

1174.6 
1174.8 
1173.5 
1174.7 
1174.6 
1174.5 
1174.8 
1175.1 

110.5 
89.0 
100.0 
106.0 
99.0 
98.0 
82.0 
104.0 

0.10239 
0.0825 1 
0.09266 
0.08593 
0.09183 
0.09086 
0.07599 
0.09628 

1.696~10" 
0.5014 
0.7496 
0.1431 
0.5007 
0.2502 
0.8767 
2.454~10" 

1 .ooo 
0.4986 
0.2504 
0.8569 
0.4993 
0.7498 
0.1233 
1 .ooo 

5.0878~10" 
1.8839~10" 
8.47 8 5 x 1 0'5 
2.6841~10" 
1.2398~10" 
1 .9928xlO" 
4.201 7x1 Om5 
7.36 12x 10" 



Table 6. Third law treatment for the reaction 1/3 u308(S) + Cl2(g) = UO2C12(g) + 113 02(g). 

r u n T  G S  -AGO -(nGo-nHo(298))/T AHo(298) 
# (K> (kT/mol) (J/mol-K) (k.T/mol) 

1 1174.6 
2 1174.8 
3 1173.5 
4 1174.7 
5 1174.6 
6 1174.5 
7 1174.8 
8 1175.1 

2.8 16x 1 0-5 
3.002~10" 
3.076~10" 
1.638~1 0" 
1 . 9 7 2 ~ 1 0 ~  
1.675~10" 
3.262~10" 
4.608~ 1 0-5 

AHp(298) 
(k.J/mol) 

-3574.80 f 2.50 
-1002.04 f 3.26 

-102.33 
-79.23 
-78.82 
-85.13 
-83.32 
-84.91 
-78.41 
-97.55 

91.873 
91.872 
9 1.895 
91.872 
91.873 
91.874 
91.872 
91.862 

210.24 rejected 
187.16 
186.74 
193.05 
191.23 
192.81 
186.34 

189.56 f 3.15 
50 r e j d  



Table 7. Summary of best assessed AHp(298) values for uranium vapor species. 

AHf (298) 
species (kJ/mol) 

U03(g) -796.74 f 3.52 
U02F2( g) -1369.22 f 2.87 
U02CL(g) -999.64 f 2.40 
UO2(0H)2(s) -1199.94 f 10.25 

U02FOH(g) -1284.58 estimate 
UO2ClOH(g) -1099.79 estimate 
U02FC1( g) -1 184.43 estimate 



FLOW METERS 

WATER BATH 
CA RT RI DG E 

HEATING MANTLE 

Figure 1. Schematic of the transpiration apparatus used for the u308(S) transpiration experiments in 
the presence of 02(g) and H20(g). 



Figure 2. Plot of 02(g) flow rate in the furnace tube versus apparent total pressure of uraniufn where 
T = 1373 K, p(02) = 0.4 atm and p(H20) = 0.6 atm. A plateau region is present fiom about 25 to 
500 cm3/min. 
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Figure 3. Plot of p(U t0tal)/p(02)"~ versus p(H20) at 1223 K. The plot increases linearly with water 
vapor pressure which indicates that U02(0H)~(g) is formed in the vapor. 
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Figure 4. Plot of p(U total)/p(0#6 versus p(H20) at 1323 K. Although there is a lot of scatter in 
the data, the curve seems to increase linearly with water vapor pressure whch indicates the 
presence of U02(0H)2(g). 
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Figure 5.  Plot of p(U t0tal)p(02)"~ versus p(C12) at 1175 K. The plot increases linearly with 
chlorine pressure indicating that UO2C12(g) is formed in the vapor. 
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Figure 6.  Plot of log p(uo3) vesus 104/T. The solid line is the thlrd law fit of the data and the 
dashed line is the data of Dharwadkar, et al. [2] and Ackermann, et al. [l] treated by the thrd law 
method and averaged. 
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Figure 7. Plot of log p(U02(0H)2) versus 104/T. The solid line is the third law fit of the data and 
the dashed line is the data of Dharwadkar, et al. [2]  treated by the third law method. 



. 4 *  , 

M 
0 
d 

-1 

-2 

-3 

-4 

-5 

-6 

-7 

1600 K1500 I( 1400 K 1300 K 1200 K 1100 K 

8.0 6.5 7.0 7.5 8.0 8.5 9.0 
~ o * / T  (K-') 

Figure 8. Plot of log p(U02C12) versus 104/T. The solid line is the third law fit of the data and the 
dashed line is the data of C o r d W e  and Pins [3] treated by the third law method. 
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Figure 9. Plot of log p ( h o s ) ,  log p(AnOz(OH)z), and log p(An02Cl2) (An = U or Pu) versus T 
where p(02) = 0.10 atm, p(H20) = 0.10 atm, p(HC1) = 0.10 or 0.001 atm. The species, 
AnOzClOH(g), is not shown here but would also be expected to be important. 



Figure 10. Plot of log p(hos) ,  log p(An02(0HJ2), and log p(AnO2Fz) (An= U or Pu) versus T 
where p(02) = 0.10 atm, p(H20) = 0.10 atm, and p(HF) = 0.10 or 0.001 atm. The species, 
AnOzFOH(g), is not shown here but would also be expected to be important. 
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